Abstract. Biome reconstruction from pollen and plant
INTRODUCTION (AGCMs) into maps of potential vegetation distribution
Global vegetation models (e.g. Prentice et al., 1992;  for present (Claussen & Esch, 1994; , past provide a way to translate (Prentice et al., 1993; Claussen, 1994; Foley, 1994; Harrison et al., 1995; de Noblet et al., 1996; Kutzbach et al., 1996; . In order to check the ability of the AGCMs DATA to simulate the changes in regional climates under different Modern pollen data boundary conditions for key periods in the past (COHMAP, 1988; Wright et al., 1993) , the palaeodata have to be A modern pollen data set including 966 samples was compiled in a global data set in a uniform manner for a compiled for Africa, south of the Sahara, and for the direct comparison with the outputs of coupled atmosphereArabian peninsula. All the data are on file as raw pollen terrestrial biosphere models. This is the primary aim of the counts. From this data set, 269 samples (West and Central international project BIOME 6000 (Prentice & Webb, in Africa) have already been used to test the biomization press). Associated with the data synthesis effort, an objective method at a subcontinental scale (Jolly et al., in press ), method to translate the palaeovegetation data in terms of including sixty-six samples from Senegal, five from biomes is required in order to make data-model comparisons Mauritania and three from Mali (Lézine, 1987) , 125 samples in a direct sense (Prentice & Jolly, in press) .
from Togo (Edorh, 1986) , six from Chad (Maley, 1981) , An 'objective biomization' method, based on the concept four from Ghana (Maley & Livingstone, 1983 ; Maley, of assigning taxa to one or more plant functional types, unpublished), sixteen from Gabon , was initially developed for Europe twenty-seven from Congo (Elenga, 1992) , thirteen from allowing the first attempt at such a data-model comparison Cameroon (Maley & Brénac, 1987; Brénac, 1988 ; Brénac & for the European continent at 6000 14 C years  (Prentice Maley, unpublished) and four from Nigeria (Agwu, 1986 (Agwu, ). et al., 1998 . A similar approach was used in a preliminary
To these data we now add 101 pollen samples from South attempt for Africa, but here the palaeovegetation data set Africa and Namibia (Scott, 1982 (Scott, , 1987a unpublished;  was not yet available and a more subjective assignment Cooremans, 1989; Scott & Bousman, 1990 ; Scott & procedure had to be used . Even this Cooremans, 1990 Scott & Brink, 1991) , eighty-nine represented a clear improvement compared to standard samples collected in Madagascar and in the Mascarenes qualitative data-model comparisons (COHMAP, 1988 ; (Straka, 1991) , three collected in Qatar (Bonnefille & Riollet, Street-Perrott & Perrott, 1993) because it allowed the 1988a), five in Yemen (Lézine, unpublished) , fifty-one in magnitude as well as the direction of the simulated climate Jordan, Iraq, Kuwait and Saudi Arabia (El-Moslimany, changes to be evaluated. These data-model comparison 1983). To this compilation we have added 451 modern exercises for Europe and Africa gave for the first time an pollen spectra included in the East African pollen data set objective and precise diagnostic for the performance of an (ninety-four pollen taxa) used to reconstruct AGCM (CCM1; Kutzbach et al., 1998) when used to palaeotemperatures and precipitation in East Africa simulate palaeoclimate.
( Bonnefille et al., 1992; Vincens et al., 1993) . In order to extend the application of the objective biomization method to tropical areas, a preliminary test of 6000 year pollen and plant macrofossil data the method was performed on a modern pollen data set for West and Central Africa (Jolly et al., in press) . The
We compiled a data set of ninety-nine pollen records for biomization procedure was able to predict the potential 6000±500 14 C years ago. These data come from different natural vegetation in a situation with far higher taxonomic sources: eighty-five pollen spectra are primary pollen counts diversity than Europe and with extreme differences of pollen from published or unpublished sources while fourteen pollen production among anemophilous and entomophilous spectra were digitized from published pollen diagrams plants. These results demonstrate the applicability of the (Table 1) . We compiled a separate plant macrofossil data biomization method in tropical areas.
set of six charcoal (carbonized plant fragment) records for The African continent is a major piece of the global 6000 years, which provide a valuable complement to pollen puzzle because it lies between 30°S and 30°N, and because data in the most arid regions. Pollen percentages for all the the vegetation distribution is forced by two gradients (one data (modern and fossil) were calculated on the basis of the in latitude, and one in elevation for East Africa) giving the total sum minus the pollen and spores of (1) aquatic taxa, possibility to independently estimate changes in temperature such as Cyperaceae, Nymphaea or Rhizophora, (2) exotic and precipitation amount or seasonality. Africa is also a taxa (Casuarina equisetifolia, Tectona grandis . . .), and (3) key region to study changes in monsoon strength and taxa present only once with one pollen grain (e.g. Homalium, extension through time. The 6000 year time slice has been Ammannia * and Hernandiaceae). The number of taxa used adopted as being a key period to study the influence of for the biome reconstructions is much greater [364] than changes in the seasonal distribution of the insolation due was used in Europe [41] , in the Former to changes in the earth's orbital parameters (Kutzbach & Soviet Union and Mongolia [94] (Tarasov et al., 1998 ) and a current major focus of the palaeoclimate issue), and in the initial biome reconstruction made for modelling community (COHMAP, 1988; Joussaume & China [68] (Yu et al., 1998, this issue) . This difference Taylor, 1995; TEMPO Members, 1996) . reflects the very high taxonomic diversity of the tropical The aims of this paper are (1) to present the results of and subtropical African flora. the compilation of modern and 6000 year data sets for Africa, (2) to test the biomization scheme at the scale of METHOD the entire African continent (including Arabian peninsula), and (3) to reconstruct biome distribution at the discrete The 'biomization' (objective biome assignment) method for pollen data was developed and applied to modern and 6000 locations of the palaeoecological data sites at 6000 years. Codes for dating control: For continuous records (C): 1C, bracketing dates within a 2000-yr interval about the time being assessed: 2C, bracketing dates, 1 within 2000 years, the second within 4000 years of the time being assessed: 3C, bracketing dates within a 4000-yr interval about the time being assessed: 4C, bracketing dates, 1 within 4000 years, the second within 6000 years of the time being assessed: 5C,: bracketing dates within a 6000-yr interval about the time being assessed: 6C, bracketing dates, 1 within 6000 years, the second within 8000 years of the time being assessed: 7C,: poorly dated. For discontinuous records (D): 1D, date within 250 years of the time being assessed: 2D, date within 500 years of the time being assessed: 3D, date within 750 years of the time being assessed: 4D, date within 1000 years of the time being assessed: 5D, date within 1500 years of the time being assessed: 6D, date within 2000 years of the time being assessed: 7D, poorly dated.) year pollen data from Europe by . The , we used a value of 0.5% for the pollen data, in order to reduce the noise due to occasional method is briefly as follows. First each taxon is assigned to one or more plant functional types (PFTs), on the basis of long-transport pollen grains. We have not used any threshold percentage ( j =0) for plant macrofossil data the known biology and biogeography of the plant species it includes. The product of this step is a PFT (taxon matrix.
because we assume they have a local source. The second step consists of the assignment of each PFT to one or more biomes, resulting in a biome (PFT matrix. A IMPLEMENTATION FOR AFRICA AND biome (taxon matrix is then created using the two previous ARABIAN PENINSULA ones, illustrating which taxon occurs in each biome. The affinity scores for each biome are then calculated for all
The assignment of pollen taxa to the plant functional types pollen samples by (PFTs) was performed taking account of (1) the PFT definitions following Prentice et al. (1992) and
Jolly (in press), and (2) the known biology of the plants from several floras (Flore d'Afrique Centrale, 1972-85;  where A ik is the affinity of pollen sample k for biome i; summation is over all taxa j; ij is the entry in the biome × Flore du Congo Belge et du Ruanda-Urundi, 1948-63; Flore du Congo et al., 1967-71; Hutchinson & Dalziel, 1954-72) , taxon matrix for biome i and taxon j; p jk are the pollen percentages, and j is a threshold pollen percentage. Each and botanical and palynological studies (Trochain, 1940; Quézel, 1965; Letouzey, 1968; Hamilton, 1972;  Hall & pollen sample is assigned to the biome having the highest affinity score. If two biomes have exactly the same affinity Swaine, 1976; Schnell, 1977; Huntley & Walker, 1982; White, 1983; Ake-Assi, 1984; Walter, 1985 ; Schulz & Whitney, score, the sample is assigned to the biome that is defined by the smaller number of taxa.
1986; Neumann, 1987) . For pollen data collected in Madagascar, the assignment of the taxa to the different Here, we used exactly the same procedure to reconstruct the biomes both from pollen and from plant macrofossil PFTs was done using the comprehensive floristic and biogeographic data provided by Straka (1991) . The list of data. The only difference is in the value of j . As in Europe taxa and their assignment to PFTs is presented in , who Dacryodes, Crudia gabonensis, that are also found in tropical used more than 600 modern samples collected south of seasonal forest; < 0.95).
40°N to check these assignments. Empirically, Gramineae (2) Tropical raingreen (Tr). Tropical raingreen trees have was assigned to all the nonarboreal plant functional types, temperature constraints similar to tropical evergreen trees, except desert (never > 40% in the pollen samples collected but can withstand a longer dry season by shedding their in the Namib, Sahara and Rub al Khali deserts). Contrary leaves. This PFT was subdivided into three groups: Tr1 (e.g.
to the European scheme, we also allowed Gramineae to Chaetacme or Tiliacora * funifera) which occur in seasonal characterize temperate xerophytic woods/scrub, because this forests, Tr2 (e.g. Brachystegia or Cochlospermum)
taxon is always present (Hedberg, 1954; White, 1983 ) with characteristic of dry forests, and Tr3 (e.g. Hallea * high percentages in the high-elevation xerophytic vegetation rubrostipulata) confined to the dryest woodlands and in the intertropical area (Hamilton, 1972) and in the fynbos savannas. Tr3 helps to identify the savanna biome (Table 3) .
vegetation
of Cape Province (Schalke, 1973). (3) The tropical sclerophyll/succulent PFT (Tss) defined
With these PFT definitions, biomes occurring in Africa provisionally in Jolly et al. (in press) was found not to can be defined as very simple combinations of PFTs, as correspond accurately with any of the taxa present in our indicated in Table 3 . modern pollen data set. Succulents possess Crassulacean Acid Metabolism (CAM) (Larcher, 1995) , a photosynthetic system that allows them to thrive in environments subject RESULTS to periodic extreme drought and therefore allows them to occur across a range of biomes from dry savanna to desert Present-day pollen-derived biome reconstruction (White, 1983) . Twenty-five families (Euphorbiaceae, A visual comparison of the pollen-derived biome map Rubiaceae, Asteraceae, Liliaceae . . .) include members that ( Fig. 1) with the modern biome distribution (Olson et al. , use CAM and many of these are present in Africa (Griffiths, 1983 ; Fig. 2 ) shows a good agreement. A numerical 1989), but in our data set only Aizoaceae and Crassulaceae comparison (Table 4 ) also shows the following. are unambiguously succulents. These two families grow For almost all of the biomes, the number of correct preferentially in the steppe and desert biomes, where they assignments exceeds the number of incorrect assignments. employ CAM in response to drought or salt stress (Larcher, Steppe, temperate xerophytic woods/scrub, tropical 1995). Some other sclerophyll taxa also belong in the steppe xerophytic woods/scrub, savanna, warm mixed forest, forb (sf) or in the Tr3 plant functional types.
tropical rain forest and tropical seasonal forest are predicted (4) Warm-temperate evergreen (wte). This PFT includes with high confidence. taxa of the montane forests of the Maghreb, East Africa, When incorrect assignments occur, the method usually Madagascar and South Africa, regions where Tc is in the indicates a biome that is contiguous in bioclimatic space. 5-15.5°C range and > 0.65. This PFT includes both broadFor example, steppe samples are sometimes assigned to (Macaranga, Syzygium, Entandrophragma excelsa . . .) and savanna (ten times), tropical xerophytic woods/scrub (nine needle-leaved taxa such as the warm temperate conifers times) or temperate xerophytic woods/scrub (six times) (Podocarpus, Juniperus procera).
instead of steppe (correctly predicted 171 times). (5) Temperate sclerophyll/succulent (tss): this PFT Table 4 shows that the biomization method applied to includes both the taxa occurring in the circummodern pollen data from Africa and the Arabian peninsula Mediterranean (maquis and garrigue; Olea, Phillyrea, is successful at a large scale, but two biomes present a lower Pistacia, Cistus . . .) and Cape (fynbos; Restionaceae) percentage of correct assignments using the modern pollen regions and the taxa occurring in the drier parts of the data set currently available: namely desert and tropical dry montane and high plateaux in the intertropical area forest. (Ericaceae, Protea . . .), at the margins of the forested
The sixteen modern samples assigned to desert are indeed biomes.
from the desert biome, but twenty-eight other samples from (6) Steppe forb/shrub (sf): as for the other parts of the the desert biome are assigned to steppe. The most probable globe where the biome reconstruction was attempted, we cause of this underestimate of desert comes from the nature have grouped the two initial PFTs 'warm' and 'cool' grasses/ of the vegetation sampled. It is extremely difficult to collect shrubs sensu Prentice et al. (1992) , because they could not modern pollen samples in desertic areas. Most often, the samples are collected in unusual locations where sampling be distinguished among our modern pollen data set. Many floristic and ecological point of view (Lawton, 1978;  Temperate xerophytic woods/ tss+ec Malaisse, 1978; Chidumayo, 1987; Ernst, 1988; Munyanziza scrub & Oldeman, 1996) . It seems more probable that the surface Tropical xerophytic woods/scrub Tss Savanna Tr3 sample set is somewhat unrepresentative geographically,
Steppe sf and indeed many of the misallocated samples are near the Desert df biome margin while the core area of the miombo in southern Africa has not been sampled at all.
is possible. The vegetation at these locations is normally 6000 year biome reconstruction closer to steppe than desert. Thus this tendency to underestimate desert should not affect the interpretation of The biomization method was applied to the 6000 year data set, including the ninety-nine pollen records and the six 6000 year samples derived from lake sediments or charcoal finds.
charcoal records, across Africa and the Arabian peninsula. The resulting reconstruction (Fig. 3) shows coherent Tropical dry forest was identified incorrectly for three surface samples from the savanna biome, one surface sample patterns of biome distribution. There are clear spatial shifts of several biomes in comparison with their modern from the steppe biome and one surface sample from the warm mixed forest biome. Note however, that with one distributions. The main features revealed by the comparison of Figs 1 and 3 can be summarized as follows. exception only, these misidentified samples were collected in 'wooded savanna' according to the authors. Conversely, In the Maghreb, warm mixed forest was present at high elevations (over 1200 m) while temperate xerophytic woods/ twenty-six samples from the tropical dry forest were assigned to savanna. Definitions of savanna vary considerably scrub occurred in the lowlands. The desert that now defines the Sahara was extremely (White, 1983; Eiten, 1986; Scholes & Walker, 1993) , and the 'natural' definition in terms of PFT abundances may reduced. In the 6000 year data set, only two sites in southern Egypt are assigned to desert. All the other Saharan sites well differ from that of Olson et al. (1983) .
A greater concern is the incorrect identification of tropical that are now desert were either steppe, at low elevation, or Tropical seasonal forest was present in all the sites from Examination of the biome scores also provides useful information about the nature of the vegetation recorded in central Africa, except for one site from Cameroon where there was warm mixed (tropical montane) forest. Tropical the pollen data. For example, a group of 6000 year pollen sites from Senegal are assigned either to savanna (two times) rain forest was not present at any of the sampling sites in this region. However, the density of 6000 year sites in the and tropical xerophytic woods/scrub (two times) or tropical seasonal forest (three times). The inconsistency may have a equatorial region is very low so it is impossible to infer the true extent of the tropical rain forest biome at 6000 years.
simple explanation. At the three pollen sites identified to forest, the second largest affinity score is for savanna, In eastern and southern Africa (including Madagascar) the biome distribution was generally similar to today, with suggesting that these sites may be recording a local (riparian) forest within a regional savanna vegetation matrix. This warm mixed forest on the mountains, and temperate xerophytic woods/scrub on the high-plateaux and in the interpretation implies an azonal northward migration of raingreen taxa with Guinean affinity along rivers, and solves Cape province. Only one pollen record documents the continental biome distribution between 15 and 20°S. It the problem posed by the apparent disagreement in the interpretation of the pollen data at similar latitudes from indicates the occurrence of tropical dry forest in southern Zaïre and savanna in northern Botswana, as today.
the western and the central Sahel, discussed by Ballouche & Newmann (1995) . However, warm mixed forest is not shown in South Africa, even for pollen sites close to the mountains such as the Drakensberg: here the data show temperate xerophytic DISCUSSION woods/scrub at 6000 years.
We now examine some local-scale features in more depth, The main features of the pollen-and plant macrofossilby looking at the affinity scores of some 6000 year samples derived biome distribution of Africa at 6000 years are for different biomes, in order to add more information that consistent with previous interpretations based on a more can be obtained from assignments.
qualitative interpretation of the data at a continental scale At the two sites in southern Egypt (Abu Minqar and (Street-Perrott & Perrott, 1993; . The Wadi el Akhdar) where desert is shown for 6000 years, the palaeoclimatic significance of the patterns shown in our affinity scores are in fact identical for desert and steppe.
biome reconstruction remains to be discussed. These sites are defined by the occurrence of charcoals of Tamarix, which can be found either in the steppe or in the 1. Our reconstruction of temperate xerophytic woods/scrub in the lowlands of the Maghreb is in good agreement desert, particularly in the wadis (White, 1983) . Steppe is encountered at the nearest 6000 year site further south with pollen data from marine cores in the Gulf of Gabes. These data indicate the establishment of the Oleo-(Wadi Bakht), suggesting that the steppe/desert ecotone is located somewhere in southern Egypt ≈23°N.
Lentiscetum (Mediterranean sclerophyll) association by 8600 years (Brun, 1979 (Brun, , 1983 . This pattern parallels Two sites in the Sudan (Oyo and El Atrun) similarly provide an objective estimate of the 6000 year location of that found in the northern Mediterranean region where temperate forests of the early to mid-Holocene (Prentice the southern limit of the sahelian steppe in the eastern Sahara, at 19°N. The ratio R=A desert /(A desert + A steppe ) was et al., 1996) were eventually replaced by xerophytic vegetation, suggesting conditions wetter than present also calculated at Selima, Oyo and El Atrun. These are pollen sites analysed by the same palynologist, located at (Cheddadi et al., 1997 Elmoutaki, 1994) , characterized by high European Community (EV5 V-CT95-0075), the U.S. percentages of Podocarpus and raingreen taxa (Tr2 and National Science Fundation (TEMPO: Testing Earth Tr3) and suggesting drier than present conditions in the System Models with Palaeoenvironmental Observations), Zambezi Basin.
and by the US Environmental Protection Agency via a 3. The biome reconstruction shows an extreme reduction subcontract with the University of New Hampshire. This of the Sahara desert at 6000 years, while more moistureis a contribution to the IGBP-GAIM (Global Analysis, demanding biomes (steppe at low elevation, xerophytic Interpretation and Modelling) '6000 years BP experiment', vegetation and warm mixed forest at higher elevation)
to the core research of IGBP's project on Global Change were found in the present-day desert region. This and Terrestrial Ecosystems (GCTE), and to PMIP reconstruction is in full agreement with previous (Palaeoclimate Modelling Intercomparison Project); PMIP syntheses (Wickens, 1975; Schulz, 1987; is sponsored by the IGBP and WCRP. We are grateful to 1989a,b; Petit-Maire, 1992; Street-Perrott & Perrott, E. Schulz for providing us with raw pollen counts from 1993; Lioubimtseva, 1995; . The numerous published and unpublished sites from the Central identification of steppe at almost all of the Saharan sites Sahara, and to F. Gasse who allowed us to use the cannot be explained away by a 'wadi effect' (runoff from unpublished pollen counts from Bougdouma. The data the ergs and accumulation of the water in the wadis) management and all the calculations were performed using because many of the 6000 year sites are not located in the software PPPBASE (J. Guiot and C. Goeury, LBHP, wadis. Furthermore, independent data suggest the former Marseille, France) occurrence of steppe over large parts of the Sahara [weeds (Wasylikowa, 1992) and faunal data (Wendorf & Schild, REFERENCES 1980; Schild & Wendorf, 1982; Guérin & Faure, 1983; Peters, 1988; Vernet & Striedter, 1992) ]. Almost all of the lakes in the Sahara were high at 6000 years (StreetAgwu, C.O.C. (1986) History of climate and vegetation of east Perrott et al., 1989; , and the lakes and 
